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Abstract: The properties of graphene nanoribbons are highly
dependent on structural variables such as width, length, edge
structure, and heteroatom doping. Therefore, atomic precision
over all these variables is necessary for establishing their
fundamental properties and exploring their potential applica-
tions. An iterative approach is presented that assembles a small
and carefully designed molecular building block into mono-
disperse N-doped graphene nanoribbons with different lengths.
To showcase this approach, the synthesis and characterisation
of a series of nanoribbons constituted of 10, 20 and 30
conjugated linearly-fused rings (2.9, 5.3, and 7.7 nm in length,
respectively) is presented.
The discovery of fullerenes, nanotubes, and graphene has
stimulated the exploration of synthetic low-dimensional
carbon nanostructures. Among these, quasi-one-dimensional
atomically precise substructures of graphene, known as
graphene nanoribbons (NRs),[1] combine the one-atom thick-
ness of graphene with the structure-dependent metallicity of
carbon nanotubes. NRs have unique electronic, optical and
mechanical properties and are considered promising candi-
dates to develop new technologies for electronics,[2] photon-
ics,[3] and energy conversion,[4] among others. The properties
of NRs are highly dependent on several structural variables
such as width, length, edge structure, and heteroatom doping.
Therefore, atomic precision over these variables is necessary
for establishing their fundamental properties and exploring
their potential applications. The edge structure of NRs
influences their metallicity[5] and their photonic properties.[3]
The size of the energy gap of NRs is strongly influenced by the
width.[5g] For example, energy gaps > 1.4 eV are expected for
NRs with sub-nm widths. The length is also an important
variable in NRs, as the size of the energy gap decreases with
increasing length until saturation. Also, lengths of more than
5 nm constitute a structural prerequisite to explore the
potential of NRs in single NR field-effect transistors.[6]
Even if there have been enormous advances in the
synthesis of NRs,[7] current approaches do not allow the
attainment of atomic precision over width, length, and edge
structure simultaneously on NRs of more than 5 nm in length.
Top-down methods such as cutting graphene or unzipping
carbon nanotubes by means of lithography or etching have
been applied to prepare NRs,[8] but they do not provide
atomic precision over any structural variable. Bottom-up on-
surface synthesis,[5h,9] in-nanotube synthesis,[10] and solution
polymerisation methods[11] provide atomically precise control
over the edge and width of the NRs, but do not provide
atomic precision over the length.
A promising approach that can provide simultaneously
atomic precision over edge, width, and length is multistep
organic synthesis in solution. In fact, several families of
monodisperse NRs with more than 2 nm in length have been
reported[2c,4c,11h,12] that evolve from acenes, naphthalene,
pyrene, perylene, coronene, and rylene derivatives, among
others. However, until now, only NRs with lengths approach-
ing 5 nm have been obtained by this approach.[4c,12b] This is up
to 18 fused aromatic rings in a linear arrangement[4c] and up to
23 fused aromatic rings in an armchair arrangement.[12b]
Approaching the synthesis of NRs more than 5 nm in length
from an organic chemistry perspective is very challenging
because of the large number of different synthetic and
purification steps that have to be individually optimised and
also because of the high tendency of large aromatic systems to
aggregate in solution, which makes difficult, and in some
cases even hamper, their synthesis, purification, character-
isation, and processing.
Herein we report an iterative approach that assembles
a small molecular building block into NRs of different lengths,
opening up a new route for the preparation of monodisperse
NRs. To showcase this approach, we describe the synthesis of
a series of NRs constituted of 10, 20, and 30 linearly-fused
aromatic rings (with 2.9, 5.3, and 7.7 nm in length, respec-
tively), which include the longest monodisperse NRs reported
to date (Scheme 1; Supporting Information, Figure S1).
Remarkably, the whole NR series is soluble in chlorinated
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solvents, which has allowed their purification by flash
chromatography and their characterisation by 1H and
13C NMR spectroscopy, high-resolution mass spectrometry,
absorption and photoluminescence spectroscopy, cyclic vol-
tammetry, and time-resolved microwave conductivity meas-
urements. These studies, besides confirming unequivocally
the structure of the NRs, provide a detailed picture of their
structure-property relationship.
Our approach is based on the iterative assembly molec-
ular building block A into NRs of different lengths. Building
block A consists of a dibenzodiazatetracene core equipped
with o-diamines at one end and diacetal-protected o-dione
functionalities at the other end (Scheme 1). o-Diamines and
o-diones have been selected as they converge through the
formation of a pyrazine ring by an imine-type cycloconden-
sation reaction, providing an efficient mean to interconnect
building blocks. The o-dione functionalities have been
protected to avoid the self-con-
densation of building block A,
and thus enable a stepwise con-
densation of one building block
after the other. The presence of
lateral rings increases the number
of aromatic sextets (indicated by
RobinsonQs circle notation) on
the electronic structure of the
resulting NRs, providing them
with a high stability.[11b,d] Impor-
tantly, carefully selected solubil-
ising groups have been intro-
duced in key positions to ensure
the dispersibility of the resulting
NRs. We selected tert-butyl and
tri-isobutylsilyl groups because of
their relatively small size and
large solubilising power.[13] The
synthesis of building block A has
been achieved in twelve steps and
is described in the Supporting
Information.
2,7-Di-tert-butylpyrene-
4,5,9,10-tetraone B[14] has been
condensed with 2.5 equivalents
of building block A by a double
cyclocondensation reaction, pro-
viding NR-10, a hexabenzodode-
cacene with 10 linearly-fused aro-
matic rings in one single step in
an 87% yield (Scheme 1). This
process is followed by the depro-
tection of the terminal ketones in
the presence of TFA/H2O yield-
ing NR-10-Q, which was isolated
in a 86% yield and characterised.
Then, NR-10-Q was subsequently
cyclocondensed with 4 equiva-
lents of building block A to
provideNR-20, a decabenzodoco-
sacene with 20 linearly fused
aromatic rings in a 87% yield. This condensation/deprotec-
tion process has been repeated over NR-20 without the
complete isolation of the tetraone intermediate to provide
NR-30, a tetradecabenzodotriacontacene with 30 linearly-
fused aromatic rings in a 25% yield over the two steps. The
complete synthetic procedures for NR-10, NR-20, and NR-30
are described in the Supporting Information. NR-10, NR-20,
and NR-30 were soluble in common chlorinated solvents, such
as CHCl3, CH2Cl2, and o-dichlorobenzene (ODCB), provid-
ing bright magenta solutions similar to the colour of the
powders.
The structure of the NRs was unambiguously confirmed
by a combination of 1H NMR, 13C NMR, and high-resolution
mass spectrometry (HRMS), and is consistent with UV/Vis
steady-state absorption and photoluminescence spectroscopy
(see below). The high solubility made the structural charac-
terisation of the NRs very easy as resolved 1H NMR and
Scheme 1. Iterative synthesis of NR-10, NR-20, and NR-30.
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13C NMR spectra could be recorded at room temperature in
CDCl3 for the whole NR series (Figure 1 and Supporting
Information). The sharp NMR signals in the aromatic and
aliphatic region are consistent with the structure of the NRs.
For instance, the integration in 1H NMR correlates with the
length of the NRs, as signal a (the assignments correspond to
the lettering shown in Scheme 1) integrates 4, 12, and 20
respectively for NR-10, NR-20, and NR-30, while protons b, c,
and d integrate 4, 4, and 8 independently of the length of the
NRs, as expected (Figure 1). Matrix-assisted laser desorption/
ionization time of flight high-resolution mass spectrometry
(MALDI-TOF HRMS) show both the expected molecular
ion peaks (M+Ag)+ and the isotopic distributions for NR-10,
NR-20, and NR-30 (Supporting Information, Figure S2),
which are in agreement with the calculated spectra.
After several attempts, we were unable to grow crystals
suitable for X-ray diffraction, so we relied on calculations to
gain insight into the structure of the NRs. The GFN-xTB
(geometry, frequency, non-covalent, extended tight-binding)
Hamiltonian[15] was used to generate and screen different
conformers that were optimized at the B3LYP-6–31g(d,p)
level. DFT models show that the bulky solubilising groups
possess some, but not large, intramolecular steric hindrance,
which gives rise to a wealth of non-flat structures (Supporting
Information, Figure S1). To further understand the flexibility
of the aromatic framework, we computed the energy needed
to progressively twist the aromatic backbone of NR-10-H, in
which the tri-isobutylsilyl groups have been exchanged for
a H atom (Supporting Information, Figure S3), from 08 to 908
(Supporting Information, Figure S4). It was found that, for
instance, a 308 end-to-end twist only costs about 1 kcalmol@1.
Therefore, a large number of different longitudinally twisted
conformations and of alternated twisted conformations are
possible at room temperature. The models allow us to
compute the dimensions of the NR series yielding 2.9, 5.3,
and 7.7 nm in length, respectively for NR-10, NR-20, and NR-
30, and 0.7 nm in width across the pyrene moiety (Supporting
Information, Figure S1).
The electronic absorption features of the NR series in
CHCl3 are consistent with their colour and their structure.
The spectra show a small band at about 600 nm, a set of bands
with clear vibronic features between 400 and 600 nm and
another set in the UV region, which were assigned to the a, 1,
and b bands[16] from longer to shorter wavelengths, respec-
tively (Figure 2a). The absorption features are consistent with
the electronic structure of previously reported dibenzohex-
acenes[17] and dibenzooctacenes,[17] but bathocromically
shifted as expected for the more extended p-system of the
NRs. The a bands (with maxima at 604, 605, and 605 nm,
respectively for NR-10, NR-20, and NR-30) are nearly
independent of the length of the NRs, while the 1 (with
maxima at 528, 544, and 549 nm, respectively for NR-10, NR-
20, and NR-30) and the b bands (with maxima at 378, 385, and
387 nm, respectively for NR-10, NR-20, and NR-30) show
a clear bathochromic shift with increasing lengths. Impor-
tantly, the molar attenuation coefficients of NR-10
(185527 Lmol@1cm@1), NR-20 (426294 Lmol@1cm@1), and
NR-30 (730137 Lmol@1cm@1) increase with increasing lengths
as an effect of the more extended p-system.
The electronic absorption spectra of NR-10, NR-20, and
NR-30 were simulated to provide an insight into the nature of
the lowest-energy electronic transitions. TD-DFT was com-
puted with the 6–31g(d,p) basis set with the B3LYP Hamil-
tonian. The simulated spectra of the lowest-energy confor-
mations of NR-10, NR-20, and NR-30 correlate well with the
experimental electronic spectra (Supporting Information,
Figure S5). Similar to the experiments, two bands were
obtained in all cases: a band with a smaller oscillator strength
that corresponds to the experimental a band, which is the
result of the transitions between the quasi-degenerate
Figure 1. NMR spectra of NR-10, NR-20, and NR-30 in CDCl3. The
assignments correspond to the lettering in Scheme 1. The stars
indicate residual solvent peaks.
Figure 2. a) UV/Vis electronic absorption and b) photoluminescence
spectra in CHCl3. c) Cyclic voltammograms in an Ar-saturated 0.1m
solution of nBu4NPF6 in ODCB. Potentials versus Fc/Fc
+. d) TRMC
(lex=355 nm, I0=9.1W10
15 photonscm@2).
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HOMOs and LUMOs as the eigenvalues of the frontier
orbitals show quasi-degeneration of 2, 4, and 6 for NR-10,
NR-20, and NR-30, respectively (Supporting Information,
Table S1); and a band with a larger oscillator strength that
corresponds to the experimental 1 band, which is the result of
transitions from the lower occupied molecular orbitals under-
neath the quasidegenerate HOMOs to the quasidegenerate
LUMO levels. Additionally, we explicitly modelled the effect
of the NR twisting on the absorption spectra by computing
the TD-DFT spectra for different twisted geometries of NR-
10-H and found it to be negligible (Supporting Information,
Figure S6).
The photoluminescence spectra in CHCl3 are almost
superimposable over the whole series of NRs and show a clear
emission band with vibrational features that span from 600 to
800 nm (Figure 2b). This is because the emission emerges
from the longest wavelength a absorption band, which
remains nearly invariable as the length of the NRs increases.
Only small increasing bathochromic shifts of < 1 nm are
observed with increasing length. On the other hand the
quantum yields (F)[18] of NR-10 (0.27), NR-20 (0.14), and
NR-30 (0.11) decrease with increasing lengths.
The electrochemical properties of the complete NR series
were investigated by cyclic voltammetry in an Ar-saturated
0.1m solution of nBu4NPF6 in ODCB using the ferrocene/
ferrocinium redox couple (Fc/Fc+) as an internal standard.
The voltammograms show three reduction processes and no
oxidation processes in the potential window of the solvent-
supported electrolyte system used (Figure 2c). The voltam-
mograms are similar and show a first reduction wave,
followed by two reduction waves grouped at more cathodic
potentials. The half-wave potentials of the first reduction
wave (E1/2
I) are similar for NR-10 (@1.28 V) and NR-20
(@1.27 V), while in the case of NR-30 (@1.18 V) the potential
is more anodic. The same trend was also observed on the half-
wave potentials of the second (E1/2
II) and third (E1/2
III)
reduction waves. Similar E1/2
II and E1/2
III potentials were
observed for NR-10 (@1.72 V and @1.82 V, respectively) and
NR-20 (@1.72 V and @1.89 V, respectively), while in the case
of NR-30 (@1.62 Vand@1.75 V, respectively) theE1/2II andE1/
2
III potentials are again more anodic. All this confirms that the
NR-10, NR-20, and NR-30 are highly electron-deficient
materials and that the stability of their electrogenerated
radical-anions increase with increasing lengths.
The optical HOMO–LUMO gaps (Egap) have been
estimated from the absorption onset of the longest wave-
length transition. The Egap of NR-10 (1.97 eV), NR-20
(1.96 eV), and NR-30 (1.96 eV) are in a similar range of
inorganic semiconductors, such as BP, AlAs, AlSb, CdSe,
Cu2O, GaSe, SiC, SnS2, and ZnTe. A comparison of the Egap of
the NR series with those of previously reported dibenzohex-
acenes[17] (2.8 eV) and dibenzooctacenes[17] (2.4 eV), with 6
and 8 linearly-fused rings, respectively, reveals that the Egap
for this NR family decreases rapidly with increasing lengths
until NR-10, from where the Egap remains almost invariable.
This is in line with the computed Egap values at the B3LYP 6–
31g(d,p) level in vacuum for NR-10 (2.23 eV), NR-20
(2.13 eV), and NR-30 (2.13 eV). The electron affinities or
electrochemical LUMO levels (ELUMO) have been estimated
from the onset potential of the first reduction wave of the
cyclic voltammograms.[19] The ELUMO values of NR-10
(@3.60 eV), NR-20 (@3.63 eV), and NR-30 (@3.69 eV)
decrease with increasing lengths. This is again consistent
with the computed ELUMO values at the B3LYP-6–31g(d,p)
level in vacuum for NR-10 (@3.12 eV), NR-20 (@3.23 eV),
and NR-30 (@3.26 eV). The eigenvalues of both frontier
orbitals, HOMO and LUMO, show quasidegeneration of 2, 4
and 6 for NR-10, NR-20, and NR-30, respectively (Supporting
Information, Table S1). The quasidegenerate HOMOs and
LUMOs show electron densities mostly localised in specific
residues across the different NRs, as seen on the 6 quaside-
generate HOMOs and 6 quasidegenerate LUMOs of NR-30
(Supporting Information, Figure S7).
To shed light on the conducting properties of the NRs,
time-resolved microwave conductivity (TRMC)[20] measure-
ments have been carried out (Figure 2d). TRMC measures
the pseudo-photoconductivity (fSm, where f is the product of
the quantum yield, and Sm is the sum of the charge carrier
mobilities) under an oscillating microwave electric field
directly from powder samples with no metal contacts. The
measurements show nearly invariable fSmmaxima for NR-10
(0.85X 10@4 cm2V@1 s@1), NR-20 (0.82X 10@4 cm2V@1 s@1), and
NR-30 (0.75X 10@4 cm2V@1 s@1), and also nearly invariable
half lifetimes (t1/2) for NR-10 (1.4 ms), NR-20 (1.1 ms), and
NR-30 (0.9 ms). These fSm values are in line with those
observed on conjugated polymers such as P3HT and poly-
fluorene.[20] The insignificant differences found in fSm
maxima and t1/2 with respect to NR length are consistent
with the localized HOMO/LUMO densities.
To conclude, we have successfully synthesised a series of
monodisperse NRs constituted of 10, 20, and 30 linearly-fused
conjugated rings (2.9, 5.3, and 7.7 nm in length, respectively),
by assembling a small and carefully designed molecular
building block through a new iterative approach. Remark-
ably, the resulting NRs are soluble in chlorinated solvents,
which has allowed their purification by flash chromatography
and their characterisation by 1H and 13C NMR spectroscopy,
HRMS, absorption and photoluminescence spectroscopy,
cyclic voltammetry, and TRMCmeasurements. These studies,
besides confirming unequivocally the structure of the NRs,
show increasing molar attenuation coefficients, decreasing
photoluminescence F, and decreasing LUMO levels with
increasing lengths. Conversely, a series of nearly length-
invariable properties such as optical energy gaps, photo-
luminescence spectra and pseudo-photoconductivities are
also revealed for this family of NRs. Overall, the approach
reported herein has not only allowed the preparation of the
longest monodisperse NRs reported to date, but most
importantly paves the way for the synthesis of longer
monodisperse NRs, for validating their predicted theoretical
properties and for exploring their properties in field-effect
transistors,[2c] photodetectors,[21] solar cells[4, 22] and molecular
wires,[23] in which NRs have shown a lot of promise. Excitingly,
the limits of this iterative approach are yet to be seen.
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